We show that in a simple experiment at undergraduate level, suitable to be performed in classes of science and engineering students, it is possible to test accurately, on a popular 1N4148 p-n diode, the range of the junction currents where the Shockley equation model can be considered satisfactory. The experiment benefits from a system of temperature control and data collection driven in a LabVIEW environment. With these tools a large quantity of data can be recorded in the temporal frame of a lab session. Significant deviations of the experimental I-V with respect to the ideal behaviour curve predicted by the Shockley equation are observed, both at low and high current. A better agreement over the entire range is obtained introducing, as is customary, a four parameters model, including a parallel and a series resistance. A new iterative fitting procedure is presented which treats the I-V data of different regimes on the same level, and allows a simultaneous determination of the four parameters for each temperature selected. Moreover, the knowledge of the temperature dependence of saturation current is used to estimate the energy gap of silicon. The connection of a macroscopic measure with a microscopic quantity is another valuable feature of this experiment, from an educational point of view.
I. INTRODUCTION
Current-Voltage (I-V ) curves are routinely used to give synthetic graphical information of non-ohmic electronic devices such as semiconductor diodes. Moreover, a lot of information about the properties of conducting materials and devices is obtained through the analysis of the current-voltage dependence both in DC and in AC regimes. In the literature there is a large amount of I-V based studies for a wide variety of devices, encompassing homogeneous, composite materials and even biological structures.
It is worth mentioning that I-V characteristic measurements are used for the assessment of the performances of conventional photovoltaic cells 1 and non conventional photodevices such as a single carbon nanotube exhibiting the peculiar behaviour of a photodiode 2 ; in the investigation of the collective conduction of charge observed in suitable materials and originating in the formation, through a quantum mechanism, of a coherent travelling charge wave 3 ; in electrophysiology 4 ; in the study of the properties of electrical conduction of a few or even single biomolecules such as short strings of DNA adherent across the segments of conducting surfaces 5 . We limit ourselves to cite only these few examples, with the aim to stress the importance and spreading of the I-V characteristic tool in many different fields, and to support the call of a wide use of this technique in the education of scientists and engineers toward experimental practice.
The p-n semiconductor junction, one of the simplest elements with a non linear response, is still the first choice starting point in the study of semiconductor devices which is a primary goal of modern labs for science and engineering undergraduate students 6 . In Ref.
7 the introduction states: "The p-n junction diode is the most fundamental of all the semiconductor devices (...). So basic is the theory of operation that many engineers have stated that to understand the p-n junction qualitatively and quantitatively helps one to understand the majority of all solid state devices."
In educational literature there are several examples of experimental papers studying the p-n junction both in diode devices or in transistors 8 , focusing on the conformity of the measured I-V characteristics with the modelling equations 9 or on particular aspects, such as the possibility to measure the energy band-gap in diodes 10 or in light emitting diodes 11 .
In this paper we present an apparatus, used in a class fractionated into small groups of two-three students, to investigate the I-V characteristics of a commercial diode at controlled temperatures, in order to test the compliance of the well-known Shockley equation with the behaviour of a real device. Temperature control, data collection and analysis are directed into a LabVIEW environment.
We present a detailed data analysis in order to invite students to appreciate the caution necessary to avoid some common pitfalls of the fitting procedures and to better appreciate the meaning and limits of a physical model. We also show how a deeper insight into the physical basis of the p-n junction could be obtained by examining the dependence of the basic diode model parameters from surroundings temperature. As an example, we report the exponential dependence of the saturation current on the inverse of the temperature and we show how the constants involved give information on the barrier height of the junction.
II. TERMS OF THE MODEL
The main objective of a laboratory session dedicated to the rectifying diode consists in the evaluation of the according degree of the measured curve with the models. The ideal I-V characteristic of a p-n junction is not commonly treated in a general physics textbooks, and it is usually approximated by the popular Shockley equation, omitting its considerably complex theoretical origin 7 :
The properly called Shockley equation has the non ideality factor n = 1, and is appropriate only for ideal junctions. For real junctions, n is greater than 1. The thermal voltage V T =
kT /e has a value of 25.8 mV at room temperature. The saturation current I S describes the level of conductivity of the diode, and ideally it coincides with the value of the current when a large reverse voltage is applied to the junction. It depends (in a very complex way) on the constructive parameters of the diode, such as the area and the depth of the junction, or the doping spatial uniformity. It is possible to reasonably express its main dependence on the temperature following the argument that I S grows with the population of the conducting level of the semiconductor carriers and that this follows a stationary thermodynamic distribution, so that:
where E G is the energy gap of the bulk semiconductor.
Using a similar argument adopted normally to introduce the non-ideality factor n in the Shockley equation, the same factor must be taken into account in the exponential dependence of I S :
Although in the real diode the value of n is only approximately constant with V, in a quite large interval of direct currents eq. (1) reproduce well the I-V curve with constant values of I S and n, and these two parameters can be easily determined with some fitting procedure, even graphical. In fact, when V ≫ nV T , the logarithmic graph of the current show a clear initial linear trend. The dependence of the fitted value of n on the portion of the characteristic curve analyzed has already been discussed previously 12 .
To increase the quality of the fit of experimental data, some authors 13 proposed junction models consisting of a sum of exponentials, each with different I S and n parameters. Each contribution is considered valid in different regions of the I-V curve and some kind of connection in the contiguous regions is required. The weakness of these strategies is the lack of an underlying simple physical picture and the increase of the number of model parameters. of the diode can be formulated introducing a series resistance R s , accounting for the ohmic voltage drop across the semiconductor bulk, and a parallel resistance R p = 1/G, accounting for alternative paths: Fig. (1) shows the equivalent electrical circuit; this model has four parameters, and eq. (1) modifies into:
Where I J is the current flowing into the junction, and I p = GV is the current flowing into the parallel resistance; a similar modeling has been proposed in ref. of two readings of the temperature is ever less than 0.5 • C in absolute value, the sign being dependent on the direction of the last heat flux cycle. Thereby, we can evaluate that the value of the diode temperature is known with a precision of 0.2 • C on average.
IV. RESULTS AND DISCUSSION
A. Shockley model Fig. 3 shows a set of I-V curves taken at different temperatures, plotted both on linear and logarithmic scale: it is evident in the right panel the alignment of the experimental points, which is so much better for the higher temperatures and at the higher value of V .
The entire set of data required a time of less than ten minutes so that the measurements could be made in a standard lab session of 2-3 hours leaving time for a preliminary data analysis and a possible reiteration of the data collection. The linearity of the experimental I-V characteristic in the logarithmic current scale reported in Fig. 3b indicates, at a glance, the region where an exponential dependence of I on V is likely. A first analysis of data can be done by using eq. (1), limiting the measurements to the region of moderate injection current where I is dominated by diffusion. Consequently, we can neglect non-linear effects on the current, reducing the number of parameters to the two appearing in eq. (1). We write the eq. (1) in the more compact form:
where B = e/nkT . contributions to the diode current, therefore, requires a study of these limiting regimes.
As explained above, besides the two parameters of the Shockley equation I S and n, two supplementary parameters must be taken into account: G and R s .
If the series resistance is neglected, eq. (4) simplifies into:
with I and V being the current and the voltage sensed at the diode leads, as before.
In ref.
14 the authors declare the unsuitability of the analysis of the forward I-V curve to find G and suggest the extraction of this parameter through a graphical treatment of the reverse biased diode characteristic. Indeed, for V << nV T the linear approximation of the exponential brings a linear relation between the current and the voltage:
which is not useful to calculate G unless I S and B are known or if the second term of the function of eq. (6) is negligible, as in this case (BI S ≃ 0.2µS). As a matter of fact, we find it suitable to apply the same least square nonlinear fitting routine using eq. (5) as the model equation. As the first term GV gives an appreciable contribution only at very low values of V we limit the experimental data up to a guess threshold current I 0 . The value of the small signal conductance G can be determined executing the corresponding numerical fit with three parameters, I s , B and G. At the higher values of the diode current, the series resistance R s becomes important, while the admittance G gives a negligible contribution. We may then rewrite eq. (4) as:
and it can be used as a fit model for the I-V data at higher currents, giving the best values of the three parameters I S , B and R s . The result is shown in Fig. (7) , and the found values for parameters are reported in the caption. The values of the parameter B are approximately coincident, by few percent, in the two parts of the curve and the coincidence is maintened by varying the value of I 0 . The values of the saturation currents differ by the order of ten percent, and the agreement is better for higher temperatures. The value of R s is comparable with other measurements found in literature 19 , although there the data is rather different from different sources (e.g. 17 ). We
were not able to find a reliable value of G for the 1N4148 diode in the literature.
In conclusion, the two sets of parameters obtained by fitting data with model eq. (5) for the region I < I 0 and with model eq. (7) for the region I > I 0 , where I 0 is of the order of tens of µA, show some discrepancies, so a better analysis for the complete range of current is needed.
C. Single iterative fitting procedure
The analysis presented in the previous paragraph clearly shows that the first term of eq. 4 is significant only in the very low current region (see Fig. (6) ), while at higher currents the exponential term dominates and the second term alone is able to describe the experimental data well (see Fig. (7) ). This physical argument is the starting point of a numerical procedure which allows us to consider all the data together, using an iterative calculation.
We point out that by substituting I J = I − GV in the argument of the exponential of eq. 3 The explicit model V = V (I J ) of eq. (7) is fitted with the data calculated at step 2 and the estimate of I 5 Updated values of total current I i+1 are computed as
6 The first few data of I i+1 are compared to I to obtain the new value G i+1 : Table I shows the extracted parameters with the different models presented, using data of a specific current region when needed. The last set is obtained by using the iterative fitting procedure.
D. Determination of energy band gap from temperature dependence of parameters
In this section we extract energy band gap from temperature dependence of I S parameter, fitting I-V data taken at temperature between 10 and 100 • C. E G is not explicitly present High I (eq. (7) in the Shockley equation as it is enclosed only in the saturation current I S ; a more detailed expression of eq. (3) is given by:
where A depends on the geometry of the junction and the doping densities in the device.
There are two counteracting effects of an increase of n on the diode current. An increase of n causes a decrease of the current I in eq. (1) the other parameters being fixed but, on the other hand, the same increase determines an increase of I S , at a given temperature.
Because of the larger value of E G with respect to the voltage across the junction, the effect on I S prevails and at fixed parameters, an increase of n entails an increase of I.
The need to consider the factor 1/n in the exponential in eq. (8) can be justified by our data, by tracing the graph of I S as a function of temperature, as determined by the exponential fit. The result is shown in Fig. (9) where a large set of curves I-V, taken in a two hour period, are analysed. The weak power dependence on T can be neglected with respect to the exponential and the fit of the data is performed with the simplified model:
keeping the B parameter defined above in the place of e/nkT and expressing E G in eV .
With this position the resulting parameters are I A = 68 ± 2 A and E G = 1.117 ± 0.002 eV .
Other experiments using different data processing methods on Si p-n junction assert a close agreement with the accepted band-gap value of 1.12 eV at 300 K. For example, n − type Si micro-metric layer onto an heavily doped substrate n + at dopant concentration of 10 19 cm −3 . On the other side of n-layer an acceptor dopant is then diffused forming a p layer with doping density of 10 19 cm −3 . With these levels of dopant a band-gap narrowing of several tens of meV is predicted and observed 22 and could conveniently be taken into account to adjust the expected value of E G .
Our determination of E G is based on an approximate model but conceivably the T δ factor in the I S (T ) relation should be considered. It is easy to understand that as this factor increases with temperature, the simplified model underestimates diode current at higher temperatures and the characteristic constants of the exponential in function of T lowers with respect to the value calculated without the exponential model:
We take δ = 1.5, which is the common choice for many different diodes, and the best fit gives the value of 1.040 ± 0.005 eV for E G . The best fit A value results A = 2.5 ± 0.2 mA/K 1.5 .
The two parameters are strongly correlated so that an overestimation of the exponential characteristic constant involves an underestimation of the factor A and the E G value is 80 meV lower than the one expected and with the disposable literature data 23 . This could be explained in terms of a high doping level at 2 to 3 x 10 19 cm −3 .
E. Determination of the band gap from V-T data
For the evaluation of the energy band-gap, a different experimental procedure is more frequently followed (and also data analysis), consisting in the recording of V at different temperatures at a fixed current I. It is possible to extract from our set of I-V curves the V vs. T pairs at fixed diode current I. The data processing consists in a linear interpolation of the value of V between adjacent experimental pairs (V i , I i ) and (V i+1 , I i+1 ) with I i < I < I i+1 .
It is customary to choose I in a region where the Shockley characteristic curve can be approximated by
Taking the logarithm of both sides, a linear relation T (V ) is obtained: The uncertainty analysis suggests that the accuracy of the approach presented here is comparable with other methods, and it is derived mainly from theoretical model than the statistical uncertainties, defect common to the majority of methods based on I-V analysis and adopted in the current scientific and educational literature.
The advantages of the method presented here rely on the possibility to extract model parameters from data collected on a large span of I values, and to easily compare simpler models, normally adopted in undergraduate laboratories.
Moreover, this analysis allows us to extract a value for E G within a few per cent in accordance with the accepted one, and the method is much more simple than the spectroscopic techniques which, furthermore, are also very difficult to be applied in a laboratory course.
Finally, we showed that different methods of analysis of the data bring results which do not coincide with the expected one and are sometimes inconsistent. From an educational point of view, this is valuable as it warns the student against the pitfalls hidden in the choice of the fit procedures even with the same model and the same data.
